ABSTRACT. Habitat fragmentation may cause population subdivision, affecting genetic variation, leading to heterozygosity loss and increased inbreeding, and contributing to population extinction. However, some genetic models have shown that under some conditions, population subdivision can favor heterozygosity and allelic diversity, and small populations may adapt to inbreeding. Here I investigate the relationship between population subdivision and genetic diversity for the marsupial Micoureus paraguayanus (Tate, 1931) using the program Vortex. Hypothetical populations of 100 and 2000 individuals were partitioned into 1, 2, 5 or 10 populations that were linked by varying rates of dispersal and also by sex-biased dispersal. Results suggested that heterozygosity and allelic diversity declined rapidly when a population was subdivided. Genetic and demographic stochasticity diminished the effectiveness of selection against recessive lethal alleles. Dispersal partly reversed the impacts of population subdivision. However, even high rates of dispersal did not eliminate demographic fluctuations or prevent extinction. Although gene flow largely prevented genetic divergence between populations, dispersal did not prevent heterozygosity from being lost more rapidly in subdivided populations than in single populations of equivalent total size. The dynamics of small, fragmented populations were critically dependent on interactions between demographic and genetic processes. Populations of M. paraguayanus may have to be relatively large and continuous to avoid significant losses of genetic diversity.
The Atlantic Forest is one of the world's 34 biodiversity hotspots and one of the most devastated and highly threatened ecosystems on the planet (FONSECA 1985 , MYERS et al. 2000 , MITTERMEIER et al. 2005 . Habitat fragmentation and loss have severely altered most of the Atlantic Forest, and only about 7% of its original area is left (CÂMARA 2003 , HIROTA 2003 . Habitat loss and fragmentation affect extinction rates, population sizes and dispersal patterns (FAHRIG & MERRIAM 1994) , being among the greatest threats to the viability of wildlife populations (SHAFFER 1981 , SOULÉ 1987 , SIMBERLOFF 1988 , LEDIG 1992 , SOULÉ & MILLS 1998 , GIBBS 2001 , REED 2004 . Therefore, it is vital to understand how extinction rates in an ensemble of smaller populations compare with that of one large population of equivalent size (REED 2004) . The stochastic factors that impact small populations are synergistic, potentially leading to an extinction vortex (GILPIN & SOULÉ 1986 , BRITO & FERNANDEZ 2000a , REED 2004 . Increased extinction risk in smaller populations might make it seem obvious that fragmenting continuous habitats with larger population sizes into multiple habitat remnants with smaller populations would increase the probability of extinction (REED 2004) . Because genetic and demographic processes interact in their effects on viability, considering them in isolation may underestimate the severity of the threats that populations are subject to, and even lead to the development of ineffective or counter-productive recommendations for management.
The effects of habitat fragmentation on population genetics can be complex. For example, some authors argue that archipelagos of refuges might be the optimal design for the conservation of genetic variation (e.g. BOECKLEN 1986), while others include fragmentation among the causes of extinction (e.g. GILPIN & SOULÉ 1986 , REED 2004 . Some authors caution that inbreeding might impair conservation efforts (e.g. LACY 1993a , 1997 , MILLS & SMOUSE 1994 , FRANKHAM 1998 , SOULÉ & MILLS 1998 , KELLER & WALLER 2002 , while others suggest it can be alleviated and purged from small, isolated populations (e.g. TEMPLETON & READ 1984 , BREWER et al. 1990 , BALLOU 1997 , LACY & BALLOU 1998 , BYERS & WALLER 1999 , MILLER & HEDRICK 2001 . However, deliberate inbreeding to purge inbreeding depression may be a risky strategy, because reduction in fitness may result in extinction (HEDRICK & KALINOWSKI 2000 , HEDRICK 2001 . Even if the population persists, detrimental alleles may be permanently fixed. This could lower fitness, and genetic variation in other loci may be lost (HEDRICK & KALINOWSKI 2000 , HEDRICK 2001 .
Genetic diversity is positively related to population size (FRANKHAM 1996) . In small populations, changes in allele frequencies are more strongly determined by random genetic drift than by natural selection (LACY 1987) . This results in lower heterozygosity and rapid loss of alleles (LACY 1987 , 1997 , HEDRICK 2001 , KELLER & WALLER 2002 . Reduced heterozygosity can impact population demography and viability by diminishing other aspects of fitness, such as fecundity, mating success, disease resistance and competitive ability (ALLENDORF & LEARY 1986 , RALLS et al. 1988 , LACY 1993a , MILLER & HEDRICK 1993 . Allele loss may reduce flexibility for future adaptive evolution ( VAN VALEN 1973 , FRANKLIN 1980 , BRITO & FERNANDEZ 2000a . Although population subdivision results in faster genetic drift within habitat patches, some of the genetic diversity that is lost from populations within patches is converted into between-patch diversity (LACY 1987) . As a result, genetic diversity within a metapopulation may be greater than that retained within a single population of comparable total size (BOECKLEN 1986 , LACY 1987 .
Intentional, managed fragmentation of continuous populations, with low dispersal among populations has been recommended as a strategy to preserve genetic variation (BOECKLEN 1986 , LACY 1987 . However, genetic decay, manifest in both inbreeding depression and loss of evolutionary flexibility, may cause the demise of small populations (GILPIN & SOULÉ 1986 , LACY 1993a , BRITO & FERNANDEZ 2000a . Therefore, it is important to understand under what conditions fragmentation causes deleterious genetic consequences, and under what conditions such effects can be beneficial.
This study uses population viability analysis (PVA) as a tool to model genetic aspects in response to population subdivision for Micoureus paraguayanus (Tate, 1931) , Didelphidae. Here I assess the impacts of fragmentation on genetic changes within populations of M. paraguayanus that were divided into metapopulations of varying size and dispersal levels.
MATERIAL AND METHODS
Micoureus paraguayanus is an endemic marsupial of the Atlantic Forest (GARDNER 2005) . This small (Ϸ130g), nocturnal, largely arboreal, solitary and polygynous didelphid is found in mature and secondary forest (PASSAMANI 1995 , GRELLE 2003 . The species favors dense viny vegetation with many palm trees (MORAES & CHIARELLO 2005b) . M. paraguayanus feeds on arthropods, fruits and nectar (LEITE et al. 1994 , CARVALHO et al. 1999 , CÁCERES et al. 2002 , PINHEIRO et al. 2002 , FERNANDEZ et al. 2006 . Demographic data of M. paraguayanus that were input to Vortex (Tab. I) are based on a wide range of field studies , BRITO & FERNANDEZ 2000b , QUENTAL et al. 2001 , FERNANDEZ et al. 2003 , BRITO & GRELLE 2004 , MORAES & CHIARELLO 2005a , b, BRITO & DA FONSECA 2006 , 2007 , GOULART et al. 2006 . The average size of its home range is estimated at 0.65 ha, home ranges of males were overlapping with those of females . Adult females and males first breed at 6 months of age with a maximum of 11 young per litter. The longest lifespan recorded for the species in the wild is about 24 months. PIRES et al. (2002) estimated a dispersal rate of 1.2% between Atlantic Forest fragments in southeastern Brazil for M. paraguayanus, crossing up to 800 m of matrix habitat. PIRES & FERNANDEZ (1999) studied a metapopulation of M. paraguayanus in Atlantic Forest remnants and observed that movements among forest patches were made by adult males, during the reproductive season, and that the vast majority of individuals (males and females) were restricted to a single fragment during their whole life. There is evidence for male-only dispersal in M. paraguayanus , PIRES et al. 2002 , and in this case, local extinctions cannot be naturally replaced by recolonization. A study on the frequency of movements of small mammals among Atlantic Forest fragments in southeastern Brazil estimated an inter-fragment movement rate of 1.2% for M. paraguayanus (PIRES et al. 2002) , a value quite similar and within the range of the scenarios modeled in the present analysis. However, there is evidence that females are also capable of dispersing through grassland matrix, at least to some extent (MORAES & CHIARELLO 2005a) .
The computer simulation package Vortex version 9.57 was used. Vortex is a Monte Carlo simulation of the effects of deterministic forces as well as demographic, environmental and ge- netic stochasticity and catastrophes on the dynamics of wildlife populations (LACY 1993b , MILLER & LACY 2005 . This package is one of the most often used for PVA focusing endangered populations, including in workshops with officers from conservation and land management agencies . A simulation study suggested that population sizes of 100 and 2000 individuals were necessary for M. paraguayanus' populations to achieve demographic and genetic viability, respectively, being indicated as quasi-extinction threshold sizes for the species (BRITO & DA FONSEca 2006). For each of the metapopulation sizes modeled (100 and 2000), four levels of subdivision (1, 2, 5 and 10 populations), three rates of dispersal (0, 0.01, 0.05) and the role of sex-biased dispersal (both sexes dispersing or only males dispersing) were examined, giving a total of 48 scenarios. I completed 500 simulations for each scenario.
Because we do not have detailed information on the genetics of M. paraguayanus, particularly the frequency of deleterious alleles, I used the reported median of 3.14 lethal equivalents per individual, based on a survey of the effects of inbreeding on mammalian species (RALLS et al. 1988) . Genetic changes in the simulated populations were assessed using several measures: (1) the number of alleles remaining from the initial founder's alleles, (2) the genetic load of lethal alleles, expressed as the ratio of the number of lethal alleles to the number of viable alleles, and (3) the gene diversity or expected heterozigosity (He).
Time scale is of paramount importance in extinction studies (ARMBRUSTER et al. 1999 , FRANKHAM & BROOK 2004 . The species' short generation time (0.95 years) allowed the choice of a 100 year time horizon and therefore avoid the problem of unrealistic predictions due to incompatibility between time frame used and species generation time (ARMBRUSTER et al. 1999) . Such time horizon considered in our analyses (100 years) is in accordance with economic and political issues, and management practices. I considered genetic viability to occur when the population maintained 90% or more than its original genetic diversity during the 100-year period used in the analyses (FOOSE et al. 1986 , FOOSE 1993 .
RESULTS

Impacts of metapopulation size
Genetic drift caused losses of gene diversity in both the simulated populations sizes (100 and 2000 individuals) (Figs 1  and 2 ). The loss of gene diversity was faster in smaller populations. However, for the larger population size, such loss stayed within the threshold of 90%, suggesting genetic viability. Allelic diversity was rapidly lost from all populations modeled (Figs 3 and 4) . Selection removed almost all of the genetic load of recessive lethal alleles for the smaller population (Fig. 5) . The loss of lethal alleles was slightly slower for larger populations (Fig. 6 ). With carrying capacities of 100 to 2000, inbreeding over the course of approximately 95 generations was sufficient to expose lethal recessive alleles as homozygotes that could be purged by selection.
Impacts of population subdivision
Increasing population subdivision led to a more rapid decline in gene diversity, particularly for the metapopulation size of 100 individuals (Figs 1 and 2 ). This was expected given the small population sizes in each habitat fragment. Moreover, small isolated populations undergo greater demographic fluctuations (BRITO & DA FONSECA 2007), which would contribute to further decreases in effective population size and more rapid genetic drift (LANDE & BARROWCLOUGH 1987) . Gene diversity declined more rapidly in metapopulations of 100 individuals than in undivided populations of equivalent size (Fig.  1) . For the larger population size (2000 individuals), gene diversity declined at the same rate in metapopulations as in the non-fragmented populations (Fig. 2) . Genetic drift caused by increased demographic fluctuations in the small populations offsets the potential for population subdivision to preserve gene diversity. In addition, gene diversity declined rapidly in scenarios with 100 animals after the populations began suffering extinctions. The results suggest a subdivision threshold size, below which the effects of demographic stochasticity and extinction surpass any benefits gained from inter-population gene diversity maintained by genetic drift. For populations with 100 individuals, the number of alleles also declined more rapidly in scenarios with metapopulations than in scenarios with undivided populations (Fig. 3) . A decline in allelic diversity in metapopulations was detected even before extinctions occurred. The loss of alleles resulting from the demographic instability of small populations occurred earlier than the decline in gene diversity. For the population size of 2000, the rate of decline was similar in metapopulations and undivided populations (Fig. 4) . Population subdivision led to a reduction of the proportion of alleles that were recessive lethals (Figs 5 and 6 ). Both viable and lethal alleles were lost rapidly from the populations. However, selection against homozygotes for the recessive lethal alleles may have caused more rapid losses of lethal alleles.
Impacts of dispersal
Migration among populations slowed the negative effects of population subdivision (Figs 1 and 2 ). Gene diversity declined more slowly in metapopulations that were connected by dispersal than in totally isolated metapopulations (Figs 1  and 2 ). In metapopulations of 2000 individuals, a dispersal rate of 1% effectively prevented populations from losing gene diversity more rapidly than an undivided population (Fig. 2) . This dispersal rate also limited the extent of genetic diversity among populations (Fig. 2) . Conversely, in metapopulations of 100 animals, even 5% dispersal rate did not fully reverse the effects of subdivision (Fig. 1) . Losses of gene diversity in highly subdivided populations (100 individuals subdivided into 2, 5 or 10 populations) that were connected by high rates of dispersal exceeded the losses from undivided populations. Many populations suffered extinction, and genetic losses resulted from a failure of dispersal to demographically stabilize the popula- (2), divided into 1 ( ), 2 ( ), 5 ( ) or 10 ( ) subpopulations connected by different migration rates (0%, 1% or 5%) and by equal dispersal by both sexes (white) and male-biased dispersal (black).
tions. Increased dispersal led to more alleles within populations (Figs 3 and 4) , because immigrants periodically introduced new alleles into the populations. In the early years of the simulations, dispersal resulted in decreases in the number of alleles preserved within the metapopulation, because it reduced the ability of population subdivision to ensure the protection of different alleles in each population. However, in the later years of the simulations, dispersal resulted in more alleles being maintained in the metapopulation, presumably because the populations suffered fewer extinctions and the metapopulation remained larger than in scenarios with no dispersal. Dispersal reduced the effectiveness of removal of recessive lethal alleles from metapopulations by selection (Figs 5 and 6 ). Animals were less likely to mate with relatives in scenarios with high rates of dispersal among populations. This lower inbreeding helped to preserve gene diversity (Figs 1 and 2) , but reduced the frequency of selection against recessive lethal alleles. The higher the dispersal rate, the lower the reduction in the recessive lethal alleles (Figs 5 and 6 ). In scenarios with small metapopulations (100 individuals) and high rates of dispersal, the few extant metapopulations comprised only one or two populations, which were highly inbred and were likely on the verge of extinction.
Impacts of sex-biased dispersal
In small metapopulations, scenarios simulating dispersal by both sexes resulted in greater preservation of gene diversity than scenarios where only males were capable of dispersal among populations (Fig. 1) . However, in scenarios with only males dispersing, populations are more isolated, enhancing inbreeding. As a result, recessive lethal alleles are more rapidly eliminated from the population when compared to scenarios where both sexes are capable of dispersing among populations (Fig. 5) . 
DISCUSSION
The effects of population size, population subdivision, and dispersal on genetic diversity can be strongly influenced by interactions between demographic and genetic processes. In theory, population subdivision can lead to a better retention of gene diversity than in a panmitic population (BOECKLEN 1986 , LACY 1987 . This is because some of the gene diversity that is lost from within populations is protected in the form of between population gene diversity . However, such a mechanism depends critically on the demographic stability of populations. The smaller populations that result from the process of subdivision are subjected to greater demographic stochasticity, which causes greater fluctuations in population size , BRITO & DA FONSECA 2007 . Subdivided populations would be expected to lose genetic variation due to random drift and gene diversity rarely matched the levels in panmitic populations.
Metapopulation structure may make it difficult for natural selection to purge deleterious alleles that cause inbreeding depression (EBERT et al. 2002 , IVES & WHITLOCK 2002 . If dispersal is low, populations remain genetically distinct and weakly selected-against deleterious alleles can reach high frequencies in local populations, setting stage for inbreeding depression. The semi-isolation of populations means that they are likely to differ with respect to the deleterious alleles they harbour. Therefore, benefits accrue among the hybrid offspring of residents and immigrants, because the bad effects of any recessive alleles they receive from one parent are likely to be masked by the alleles from the other parent (IVES & WHITLOCK 2002) . Metapopulation structure, habitat loss and fragmentation, and environmental stochasticity can be expected to greatly accelerate the accumulation of mildly deleterious mutations (LANDE 1995, HIGGINS & Figures 3-4 . Loss of gene diversity over 100 years from metapopulations of M. paraguayanus with carrying capacity of 100 (3) and 2000 (4), divided into 1 ( ), 2 ( ), 5 ( ) or 10 ( ) subpopulations connected by different migration rates (0%, 1% or 5%) and by equal dispersal by both sexes (white) and male-biased dispersal (black). LYNCH 2001), lowering the genetic effective size to such a degree that even large metapopulations may be at risk of extinction (LANDE 1995 , HIGGINS & LYNCH 2001 . Because of mutation accumulation, viable metapopulations may need to be far larger and better connected than would be required under just demographic stochasticity (HIGGINS & LYNCH 2001) . From a genetic perspective, a metapopulation may be much more vulnerable to extinction than a population of the same overall number of individuals (HIGGINS & LYNCH 2001) . BRITO & FERNANDEZ (2000b) estimated that genetic stochasticity and inbreeding depression might be one of the most serious threats to the long-term persistence of a M. paraguayanus metapopulation composed of very small populations in southeastern Brazil. In that case, heterozygosity was proposed as one management variable to be used to measure the relative contribution of each population to the viability of the metapopulation (BRITO & FERNANDEZ 2002) . Fluctuations in population size due to demographic stochasticity may negate the presumed benefits of subdivision in preserving gene diversity. Population extinctions eliminate the inter-population component of gene diversity, and metapopulation gene diversity may approach that of the highly inbred populations . Bottlenecked populations are expected to rapidly lose rare alleles (MARUYAMA & FUERST 1985 , ALLENDORF 1986 , FUERST & MARUYAMA 1986 . Because (6), divided into 1 ( ), 2 ( ), 5 ( ) or 10 ( ) subpopulations connected by different migration rates (0%, 1% or 5%) and by equal dispersal by both sexes (white) and male-biased dispersal (black). (BOECKLEN 1986 , LACY 1987 , population subdivision may help to preserve metapopulation gene diversity. However, the results indicated that alleles were lost as fast, or faster, from subdivided populations than from single populations of the same initial total size. Even when there were no extinctions, alleles were lost more rapidly in subdivided populations. This probably occurred as a result of the smaller total population size maintained in the fragmented and greater demographic stochasticity. Eventually, a group of isolated populations would be expected to retain more alleles and gene diversity than would a panmitic population, as different alleles would become fixed in the populations while a single allele would remain in a panmitic population, in the absence of mutation. However, the approach to such an equilibrium is so slow (BOECKLEN 1986 , VARIO et al. 1986 ) that the equilibrium result is almost irrelevant to conservation actions dealing with the present crisis of biodiversity decline. As the case for gene diversity, the hypothetical advantage of subdivision in protecting allelic diversity is reversed if populations go extinct. Low rates of dispersal, of approximately one individual per generation, are commonly considered to be effective for preventing deleterious losses of genetic diversity in subdivided populations (LACY 1987) . However, several authors suggest that more than one migrant per generation may be necessary to achieve genetic viability (MILLS & ALLENDORF 1996 , VUCETICH & WAITE 2000 . The one migrant per generation rule only applies when effective population size equals actual population size (VUCETICH & WAITE 2000) . As effective population size is usually less than actual population size (FRANKHAM 1995) , the number of migrants required for genetic viability should exceed one. MILLS & ALLENDORF (1996) suggested that a minimum of one and a maximum of 10 migrants per generation would be an appropriate general estimate for genetic purposes. VUCETICH & WAITE (2000) demonstrated that even more than 20 migrants per generation may be needed to maintain genetic diversity. Dispersal in the scenarios of the present study was an order of magnitude more than one animal per generation. However, our results showed that such migration was relatively ineffective. The large demographic fluctuations that occur in highly subdivided populations can significantly depress effective population size (MARUYAMA & KIMURA 1980) . Increased dispersal in our models reduced the rate of gene and allelic diversity loss. However, even at the highest rates of dispersal, gene and allelic diversity were always lost as fast, or faster, from subdivided populations than from panmitic populations of the same initial total size. In our scenarios, one migrant per generation is not enough to rescue populations from genetic erosion.
6
It has been suggested that a careful balance between fragmentation and dispersal can achieve simultaneously the benefits of both population isolation and genetic mixing. However, the results presented here suggest that within a highly fragmented population linked by dispersal, heterozygosity may be lost rapidly due to the small size and instability of populations. The small populations might not be sufficiently robust to survive the intense selection needed to remove the genetic load, and alleles could be lost due to the genetic homogenization imparted by dispersing individuals. For many populations in the Atlantic Forest, including those of M. paraguayanus, the most effective conservation solution to fragmentation might be to restore large areas of habitat capable of supporting populations that are demographically and genetically stable. Until recently, there were no genetic studies for M. paraguayanus, only modelling approaches (e.g. BRITO & FERNANDEZ 2000b . However, RODRIGUES et al. (2006) have recently isolated and characterized five microsatellite loci for M. paraguayanus. This would provide a useful tool for studying genetic diversity and the consequences of habitat fragmentation on population genetic structure for this species. 
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